Conventional kinesin and class V and VI myosins coordinate the mechanochemical cycles of their motor domains for processive movement of cargo along microtubules or actin filaments. It is widely accepted that this coordination is achieved by allosteric communication or mechanical strain between the motor domains, which controls the nucleotide state and interaction with microtubules or actin. However, questions remain about the interplay between the strain and the nucleotide state. We present an analysis of Saccharomyces cerevisiae Kar3/Vik1, a heterodimeric C-terminal Kinesin-14 containing catalytic Kar3 and the nonmotor protein Vik1. The X-ray crystal structure of Vik1 exhibits a similar fold to the kinesin and myosin catalytic head, but lacks an ATP binding site. Vik1 binds more tightly to microtubules than Kar3 and facilitates cooperative microtubule decoration by Kar3/Vik1 heterodimers, and yet allows motility. These results demand communication between Vik1 and Kar3 via a mechanism that coordinates their interactions with microtubules.
INTRODUCTION
Most members of the kinesin and myosin superfamilies of linear molecular motors consist of two identical motor head domains held together by a section of coiled-coil. There is clear consensus that this arrangement can allow a single molecular assembly to move processively along either a microtubule or actin filament through cooperative action of the two heads. However, questions remain about the dimeric assemblies that do not appear to exhibit processive movement. Specifically, what purpose does having two heads serve in such assemblies? Is it simply a way of making a more rigid linker between the motor and its cargo in which the heads function independently, or is there truly communication between them? These questions are particularly relevant for understanding the molecular and biological function of the minus-end-directed kinesins such as Drosophila Ncd and budding yeast Kar3. Both of these motors dimerize via a section of coiled-coil, and in the case of Ncd, it has been suggested that only one of the two heads binds to the microtubule and is involved in force production during the ATPase cycle (Sosa et al., 1997; Hirose et al., 1998; Wendt et al., 2002; Endres et al., 2006) . Kar3, on the other hand, is unusual, since, although it forms a homodimer in vitro (Chu et al., 2005) , the functional forms of the protein in vivo are a heterodimer with either of two alternative nonmotor proteins Cik1 or Vik1 (Page et al., 1994; Manning et al., 1999; Barrett et al., 2000; Manning and Snyder, 2000; Chu et al., 2005; Sproul et al., 2005) . While it has been demonstrated that Cik1 and Vik1 differentially regulate the interaction of Kar3 with microtubules, the mechanism by which they accomplish this, and how these heterodimers generate force, remains uncertain.
Kar3 is one of six kinesins in budding yeast (Meluh and Rose, 1990; Hildebrandt and Hoyt, 2000) . Like Drosophila Ncd (Endow et al., 1990; , Kar3 is classified as a Kinesin-14 because its motor domain is at the carboxy terminus, and it generates minus-end-directed force. Kar3 is the only Kinesin-14 in S. cerevisiae, and it has specific roles during karyogamy (the nuclear fusion event during mating) and vegetative growth that are mediated by the nonmotor proteins Cik1 or Vik1 (Page et al., 1994; Manning et al., 1999; Barrett et al., 2000; Manning and Snyder, 2000) . In response to mating pheromone, Cik1 targets Kar3 to cytoplasmic or astral microtubules, where the Kar3/Cik1 heterodimer generates minus-end-directed microtubule shortening during karyogamy (Maddox et al., 2003; Chu et al., 2005; Sproul et al., 2005; Molk et al., 2006) . Vik1, on the other hand, is not expressed and has no role in karyogamy (Page and Snyder, 1992; Page et al., 1994; Manning et al., 1999; Manning and Snyder, 2000) .
In contrast to karyogamy, the function of Kar3 during vegetative growth is not well understood, in part because both Kar3/Cik1 and Kar3/Vik1 heterodimers have distinct and separate roles during mitosis (Manning et al., 1999) . What is currently known is that Vik1, but not Cik1, localizes Kar3 at the mitotic spindle poles, while Cik1, in the absence of Vik1, promotes accumulation of Kar3 along the length of the spindle (Manning et al., 1999; Manning and Snyder, 2000) . In the absence of both Vik1 and Cik1, Kar3 appears diffusely throughout the nucleus, suggesting that Vik1 and Cik1 are directly involved in microtubule interactions (Manning et al., 1999) .
This study focuses on the structure and function of Vik1 and how it modulates the activities of Kar3. The X-ray crystal structure of the C-terminal globular domain of Vik1 shows that this region is structurally similar to the catalytic motor core of kinesins and myosins, but is devoid of a nucleotide binding site. The structural results also provide evidence that the configuration of the Kar3 and Vik1 motor domains relative to the coiled-coil in their heterodimeric form is similar to that of the Ncd homodimer. In the context of the heterodimer, Vik1 modulates Kar3 behavior by direct interaction with the microtubule, and Kar3/Vik1 exhibits the characteristics of a Kinesin-14 motor. In contrast to Kar3/Cik1, Kar3/Vik1 binds the microtubule lattice cooperatively and promotes microtubule stabilization. Based on these structural and functional data, we propose that both Vik1 and Cik1 may have evolved from ancient forms of kinesin in such a way that the microtubule binding and coiled-coil-forming capabilities were retained while the nucleotide binding ability was lost. We also propose that the role of Kar3/Vik1 at the spindle pole bodies is to focus and crosslink microtubules for bipolar spindle assembly and stabilization.
RESULTS

Vik1 Structure
Sequence analysis predicts that Kar3, Cik1, and Vik1 consist of an N-terminal globular domain, a central coiled-coil forming region, and a C-terminal globular domain (Figure 1 ). For Kar3, the N-terminal globular domain is believed to function in cargo binding, while the coiledcoil region forms the primary site of its interaction with Cik1 and Vik1. The exact function of the N-and C-terminal globular domains in Cik1 and Vik1 are unknown. Through sequence analysis and partial proteolytic digestion, the boundaries for the coiled-coil and C-terminal domain of Cik1 and Vik1 were defined. With this information, the C-terminal globular domain of Vik1 was expressed, purified (see Figure S1 in the Supplemental Data), and crystallized, allowing a structure determination to a resolution of 1.6 Å ( Figure 2A ; see Table S1 in the Supplemental Data for data collection and refinement statistics), as well as an evaluation of its functional properties in relation to Kar3 (described later).
The fold of the C-terminal globular domain of Vik1 is remarkably similar to the motor domain of all structurally characterized forms of kinesin, and hence we refer to it as the Vik1 motor homology domain (Vik1MHD). The structure of the Kar3 motor domain (Kar3MD) is shown for comparison ( Figure 2A , right) (Gulick et al., 1998) . The Vik1 structure includes an N-terminal a-helical segment attached to the Vik1MHD, which is also analogous to the ''neck'' of Ncd (Sablin et al., 1998 ). Vik1MHD's structural motif is an a/b fold, where, like kinesin, the central eightstranded b sheet is surrounded by six a helices, three on either side. The strands have been numbered consecutively from the N terminus of the construct, in accordance with the system described by Fletterick and coworkers for kinesin heavy chain (KHC) and Ncd Sablin et al., 1996) . Topology diagrams for the Vik1MHD and Kar3MD structures illustrate the analogous arrangement of the secondary structure elements for these proteins ( Figure 2B ). The rms deviation for 210 structurally equivalent a-carbons in Vik1MHD and Kar3MD is 2.6 Å (Figure S2) , and there is a 71% correspondence in the assigned secondary structure of both proteins, despite the fact that they share only 11% sequence identity based on a structure-based sequence alignment ( Figure S3) .
Most of the differences between Vik1 and Kar3 are located in the surface loops, where this type of variability is a characteristic feature of different classes of kinesin ( Figure S2 ). Many of these loops in the kinesins appear flexible and have been proposed to undergo conformational changes during their motile cycle. These loops are often disordered in the crystal structures. Thus, while the overall electron density for the Vik1MHD is well defined, there is some disorder in four of its loops. A comparison of the residue lengths of selected loops for Vik1, Kar3, and Ncd reveals that the largest discrepancies are found in L10, L11, and L12 (Table S2) . Importantly, L11 and L12 comprise a significant proportion of the primary microtubule binding surface in kinesins (Alonso et al., 1998; Woehlke et al., 1997) . The coiled-coil regions (CC) were predicted by PAIRCOIL (Berger et al., 1995) . The regions of each protein that were used to make the truncated versions of Kar3, Cik1, and Vik1, as well as the Kar3MD and Vik1MHD constructs, are indicated next to each bar diagram.
The Missing 'Active Site' A structural comparison of the MgADP-bound surface cleft of Kar3 with the analogous region of the Vik1MHD reveals that Vik1 does not contain a nucleotide binding site ( Figure 2C and Figure S4 ). In kinesins, the nucleotide binding pocket is formed by structural elements that are highly conserved . (1) The P loop (motif GxxxxGKT) is formed by Loop L4, which connects strand b3 and helix a2, and wraps around the phosphates of MgADP (Figures 2A and 2C, right) . This motif is shared by many other nucleotide binding proteins (Schulz, 1992) . (2) Loop L1 (motif RxRP) interacts with the base. (3) Switch 1 (motif NxxSSR) and (4) Switch 2 (motif DLAGSE) form the remaining nucleotide binding pocket elements. The structure-based sequence alignment of Kar3 and Vik1 shows that none of these conserved (A) A ribbon representation of the structure of the C-terminal globular domain of Vik1 (left), including a short stretch of the coiled-coil forming region (neck), is shown beside the motor domain of Kar3 (right) (PDB accession: 3KAR) (Gulick et al., 1998 figure. The electrostatic surface potential was generated in Pymol using APBS (Baker et al., 2001; DeLano, 2002) . A ribbon representation of the P loop (including relevant side chains) of Kar3 and its interaction with MgADP is shown (lower right). The analogous loop of Vik1 is shown with MgADP superimposed based on the overall alignment of Vik1MHD onto the Kar3MD structure (lower left). All structure figures were generated with Pymol (DeLano, 2002).
elements exist in Vik1 ( Figure S3 , boxed sequences). This is not surprising since previous sequence analyses did not find the trademark motifs for nucleotide binding in Vik1; however, such analyses provided no clues that Vik1 contained a motor domain fold, or that it might bind microtubules. ). This construct was designed based on sequence analyses and proteolysis experiments of Kar3, Vik1, and Cik1 to identify the minimal length of coiled-coil that allows the C-terminal globular domains of Vik1 and Cik1 to heterodimerize with the motor domain of Kar3. The dimeric state of this complex was confirmed by analytical gel filtration and equilibrium centrifugation ( Figures S1 and S5 ). In the equilibrium cosedimentation assay, the K d,MT for the truncated Kar3/Vik1 was 131 nM in the nucleotide-free state (achieved with apyrase), which was similar to its affinity in the presence of AMPPNP (K d,MT = 138 nM) (Figures 3B and 3C) . Surprisingly, the affinity of Kar3/ Vik1 for microtubules was tightest in the presence of ADP (K d,MT = 38 nM), which yielded a similar K d,MT to the Vik1MHD alone (K d,MT = 43 nM) ( Figures 3A and 3C ). These results suggest that, in the ADP state, the Kar3/ Vik1 complex is tethered to the microtubule by Vik1 as the Kar3 motor would be detached from the microtubule because it contains ADP in its active site. Note too that in the presence of ADP, only 54% of Kar3/Vik1 partitioned with the microtubules, yet in the presence of AMPPNP, this amount approached 100% with 92% of Kar3/Vik1 bound to microtubules. These results are intriguing and suggest that the Kar3ADP/Vik1 configuration on the microtubule prevents additional Kar3/Vik1 motors from binding. However, at this time we do not have structural data of this microtubule-bound configuration to explain the 54% saturation in the presence of ADP.
Vik1 Binds to Microtubules
The results also suggest that, in the presence of ATP, Kar3 must be able to modulate the Vik1-microtubule interaction, which raises the question of how Vik1 interacts with microtubules.
The Potential Microtubule Binding Surface of Vik1
In kinesins, the putative microtubule binding surface consists of the following structural elements: (1) Loops L7/L8, (2) Loop L11 and the N terminus of helix a4, (3) Loop L12 and the start of helix a5, and (4) helix a6 (see Figure S3 for the sequence of these elements in Kar3) (Sosa et al., 1997; Woehlke et al., 1997; Alonso et al., 1998) . While these elements are also found in the Vik1MHD, several of them exhibit major structural differences in comparison to those of kinesin and Ncd. The most conspicuous structural differences are highlighted in Figure 3D and are shown in relation to Kar3MD in Figure 3E . One of the most prominent discrepancies is found in helix a4 of Vik1MHD, which is three a-helical turns shorter than that of Kar3 and is tilted upwards $60 relative to Kar3. Helix a5 is uninterrupted, unlike that of Kar3, and Loop L12 contains a short disordered section near its N terminus and is found roughly 9 Å away from its position in Kar3. Finally, and perhaps most significantly, Loop L11 is 13 residues shorter than its counterpart in Kar3 (Table S2) . Together, these elements in kinesin (a4, a5, L11, and L12) form a subdomain on the microtubule binding side of the central b sheet that undergoes conformational changes in response to the nucleotide state of the motor (Sack et al., 1999; Vale and Milligan, 2000; Kikkawa et al., 2001; Sablin and Fletterick, 2004) . Loop L11, in particular, is near the ATP g-phosphate sensing region, and its interaction with a-tubulin has been suggested to be important during ATP hydrolysis (Song et al., 2001 ). It has also been implicated in the coordination of conformational changes between the mobile Switch 1/ Switch 2 regions ( Figure S3 ) (Song et al., 2001 ). The surface differences between Kar3 and Vik1 and the absence of an ATP binding site suggest that Vik1 may bind to the microtubule lattice through a different set of interactions, and possibly in a different orientation, to that of kinesin. However, regardless of the way it binds, the question remains of how Vik1 is released from the microtubule to permit motility.
Kar3/Vik1 Is a Kinesin-14 Heterodimeric Motor
The truncated versions of Kar3/Vik1 and Kar3/Cik1 heterodimers displayed minus-end-directed movement in ATP-dependent microtubule gliding assays at a speed that is comparable to other mitotic motors ( Figure 4A and Supplemental Movies). The steady-state ATPase kinetics show a higher k cat at 3.7 s À1 for Kar3/Vik1 than that observed for Kar3/Cik1 at 2.8 s À1 ( Figure 4B ). However, both the K M,ATP and the K 1/2,MT are similar for each motor. In contrast to these kinetic similarities, Kar3/Cik1 and Kar3/Vik1 differ in their ability to depolymerize microtubules. Unlike Kar3/Cik1, Kar3/Vik1 did not induce robust microtubule depolymerization in the presence of MgATP ( Figure 4C ) (Sproul et al., 2005) . Furthermore, while Kar3/Cik1 promoted microtubule shortening predominantly from the microtubule plus-end, the same pronounced plus-end specificity was not observed for Kar3/ Vik1 ( Figure 4C) . Rather, the Kar3/Vik1 end specificity was similar to that observed for Drosophila Ncd-promoted microtubule depolymerization, where approximately onethird of the microtubules exhibited microtubule plus-end shortening with approximately two-thirds of the microtubules shortening from both the plus-and minus-ends (Sproul et al., 2005) . Consistent with this behavior, no role for Ncd-or Kar3/Vik1-promoted microtubule depolymerization in vivo has been reported. As the concentration of Kar3/Vik1 or Kar3/Cik1 was increased, the microtubules appeared more stable; however, the microtubule stabilization effect appeared to be more significant for Kar3/Vik1 than Kar3/Cik1 ( Figure 4D ).
Cooperative Binding of Kar3/Vik1 to Microtubules Kar3/Vik1 exhibits cooperative binding to the microtubule lattice ( Figure 5 ). This microtubule binding behavior differs from Kar3/Cik1, which exhibits a preference for binding microtubule plus-ends, and also from Kar3MD alone, which displays stochastic microtubule-lattice binding characteristics (Sproul et al., 2005) . In the presence of AMPPNP, microtubulemotor complexes were assembled in solution and then fixed with glutaraldehyde. These complexes were subsequently centrifuged through a glycerol cushion onto coverslips and processed for immunofluorescence using affinity-purified antibodies to Kar3MD or Vik1MHD ( Figure S1 ) (Sproul et al., 2005) . The results show that one microtubule is completely saturated by Kar3/Vik1, with other nearby microtubules showing no evidence of motor binding (Figures 5A-5C ). As the concentration of Kar3/Vik1 was increased from 25 to 100 nM, additional microtubules in the field of view became saturated with Kar3/Vik1, with other nearby microtubules showing no evidence of Kar3/Vik1 immunofluorescence ( Figures 5D-5F ). At 25 nM Vik1MHD, there were some examples of microtubule end binding ( Figures 5P-5R) ; however, as the concentration of the Vik1MHD increased, the microtubule lattice showed increased Vik1MHD occupancy, and microtubules became saturated (Figures 5S-5X ). Note that even at 25 nM Kar3/Vik1, there were few examples of microtubule end or lattice binding. Most microtubules scored exhibited Kar3/Vik1 saturated binding (90%-98.5%). This cooperative microtubule binding behavior was also observed for Drosophila Ncd (Mackey and Gilbert, 2003) .
(C) ATP-dependent Kar3/Vik1 and Kar3/Cik1 promoted microtubule shortening. Microtubulemotor complexes were preformed in the presence of 1 mM MgAMPPNP and imaged at t = 0, column 1. MgATP at 1.5 mM plus an ATP regeneration system initiated microtubule shortening (Sproul et al., 2005) . Column 3 is the merge of t = 0 and the elapsed time (middle column) to show microtubule shortening (red) in comparison to the original length. Polarity-marked microtubules were identified from microtubulemotor populations at both 25 and 50 nM motor incubated with 500 nM microtubules in the presence of MgATP. ( Wendt et al., 2002 ), yet conventional Kinesin-1 does not exhibit this binding pattern (Sproul et al., 2005) .
The Kar3/Vik1 Heterodimer Is Similar to the Ncd Dimer The orientation of the neck of Vik1MHD is similar to that observed in one of the motor domains of a motility-deficient Ncd homodimer ( Figure 6 ) (Yun et al., 2003) . In this structure, the two heads are asymmetrically positioned, one $75 relative to the other, in relation to their necks. Hence, the motor domain-neck interactions are different for each motor within the dimer. Cryo-electron microscopy studies of Ncd-decorated microtubules have demonstrated that this type of neck rotation (from position A to position B in Figure 6 ) occurs in the microtubule-bound Ncd motor upon ATP binding, causing the neck to point toward the minus-end of the microtubule (Wendt et al., 2002; Endres et al., 2006) . This rotation of the neck appears to be the force-producing conformational change that drives minus-end-directed motility in Ncd (Endres et al., 2006) . The pivot point allowing this rotation of the neck occurs at Gly 347 in Ncd. This glycine is highly conserved among the kinesin superfamily and in Vik1. The identities and positions of several of the residues that hold the neck in either of its two positions along the motor domain in Ncd are also found in Vik1 and Kar3. This suggests that the same rotation of the neck occurs in Kar3/ Vik1 and that, like Ncd, the coiled-coil formed by the Kar3/Vik1 heterodimer extends to their motor domains. What is not yet clear is how rotation of the neck of Vik1 Microtubulemotor complexes were preformed in the presence of MgAMPPNP. Final concentrations: 500 nM tubulin polymer, 40 mM Taxol, and 1 mM MgAMPPNP. Rows 1 and 2 (A-F) represent magnification of a section of the field, whereas the remaining rows (G-X) show individual microtubules at a higher magnification (scale bars = 5 mm). The microtubule seed (arrowhead) marks the microtubule minus-end and (*) denotes the dim microtubule plus-end. The first column of each row shows the rhodamine-labeled microtubules, and the second column, the immunofluorescence of affinity-purified Vik1MHD antibodies. The third column is the merge of the two channels to show the colocalization. The table presents the summary of microtubule localization events scored for the three motors using affinitypurified antibodies to the Kar3MD or the Vik1MHD ( Figure S1 ). might be incorporated in Kar3's motile cycle because the structural models for Ncd propose that only a single motor head of the Ncd dimer interacts with the microtubule (Wendt et al., 2002; Endres et al., 2006) . However, the Kar3/Vik1 structure and kinetics provide constraints for models that might incorporate this concept.
DISCUSSION
Mechanism of Motility in the Kar3/Vik1 Heterodimer
There are two fundamentally different models that might explain how Kar3/Vik1 functions as a molecular motor (Figure 7 ). The first model is based on the presumption that the overall orientation of the globular domains of both Kar3 and Vik1, when bound to microtubules, is similar to that seen for processive kinesins (Model A). This requires that the coiled-coil between Kar3 and Vik1 unwind to accommodate the 8 nm distance required for both Vik1 and Kar3 to bind the same microtubule protofilament. In
Step 1 of this model, Vik1 makes the initial microtubule interaction in an orientation on a/b-tubulin similar to kinesin and Ncd motor domains, while Kar3 is tethered with ADP in its active site. This brings Kar3 in close proximity to the next a/b-tubulin in the same microtubule protofilament. Binding of the Kar3MD stimulates a conformational change in the motor that induces ADP release and generates strain (Figure 7 , black arrows) in the coiled-coil between Kar3 and Vik1 (
Step 2). This strain is communicated to the microtubule binding surface of Vik1MHD, resulting in weakening of the Vik1MHD-microtubule interaction. Subsequently, as in Ncd, the binding of ATP to the active site of Kar3 would result in a large rotation of Kar3's neck toward the minus-end, causing Vik1 to disengage from the microtubule and the coiled-coil of Kar3/Vik1 to be displaced toward the minus-end (Step 3). ATP hydrolysis by Kar3 and/or Pi release returns Kar3 to a weakly bound intermediate, resulting in Kar3/Vik1 detachment from the microtubule (Step 4). It is assumed that after ATP hydrolysis Vik1 will be oriented so that it is unable to rebind the microtubule through a backward step. The second model proposes that the coiled-coil between the necks of Kar3 and Vik1 does not unwind, which would maintain the two globular domains in close proximity (Model B). This necessitates that the Kar3MD and Vik1MHD interact with adjacent protofilaments, and demands that Vik1 must bind a/b-tubulin in a different orientation than the kinesin motor domains. An altered binding mode is not unreasonable, given the substantial differences in the microtubule binding elements of Vik1 relative to kinesin in general and the similarity in sequence and structure of helices H11 and H12 of a-and b-tubulin (Nogales et al., 1998) . In this model, the steps involved in Kar3/Vik1 binding to the microtubule, production of a minus-end-directed rotation of the coiled-coil and subsequent release from the microtubule, are essentially identical to Model A, but are more attractive from the standpoint of conformational simplicity for the Kar3/Vik1 heterodimer. One difference between these models is that the structural change of the N-terminal helix of Vik1MHD will have the opposite sense of rotation in models A and B during the motile cycle. While these are only two possible models, it is clear that Vik1 enhances the fidelity of Kar3's interaction with microtubules, and its presence in the heterodimer results in recruitment of many dimers to a specific region (spindle poles) for biopolar spindle assembly and chromosome segregation. It is also apparent that elements for microtubule binding and heterodimerization in Vik1 are ''wired'' with similar structures to those found in kinesin, but perhaps in a manner that negates the need for its own motor capability. In this respect, communication between Kar3 and Vik1 and microtubules may be more direct than in kinesin homodimers or heterodimers with two functional nucleotide binding motors. The structure of Vik1MHD provides an excellent starting point from which to begin dissecting the method of communication between Kar3 and Vik1. The view shown has been rotated 90 from Figure 2A and highlights the positions of the neck a-helix (red) of Vik1MHD (left) and two different positions (red and blue) adopted by the neck a-helix of the N600K mutant form of Ncd (PDB accession: 1N6M) (Yun et al., 2003) . For the Ncd structures, only the a-carbons of residues found in the two motor domains have been superimposed. The a-carbons for the Vik1MHD, excluding the neck, were superimposed onto those of the Ncd motor domain. Atoms for the conserved glycine residue that allows neck rotation, Gly 373 in Vik1 and Gly 347 in Ncd, are shown as cyan and yellow spheres.
Functional Significance of Kar3/Vik1 Cooperative Binding The plus-end microtubule localization by Kar3/Cik1 is consistent with this complex functioning to shorten microtubules in order to pull the nuclei together for nuclear fusion during mating (Maddox et al., 2003; Sproul et al., 2005; Molk et al., 2006) . On the other hand, based on the studies presented here, Kar3/Vik1 does not possess the hallmarks of an in vivo microtubule depolymerase. In fact, it can be argued that the cooperative binding by Kar3/Vik1 to microtubules would act to stabilize the microtubules, thereby inhibiting depolymerization ( Figure 4D) . Furthermore, the localization of Kar3/Vik1 at the spindle pole bodies is inconsistent with microtubule depolymerization because the microtubule dynamics have been shown to occur predominantly at the microtubule plusends in budding yeast (Maddox et al., 1999) . We propose that Kar3/Vik1 accumulates at the microtubule minusends by ATP-dependent movement, and its function is to crosslink and focus microtubule minus-ends at the spindle poles for bipolar spindle assembly and stabilization as observed for Drosophila Ncd (Kimble and Church, 1983; Hatsumi and Endow, 1992; Sharp et al., 2000) . In addition, the genetics suggest that Kar3/Vik1, like fission yeast S. pombe Pkl1 and Drosophila Ncd, would act as an opposing force to the plus-end-directed homotetrameric Eg5 motors Cin8 and Kip1 (Saunders and Hoyt, 1992; Pidoux et al., 1996; Manning et al., 1999; Sharp et al., 2000; Troxell et al., 2001) . These structural and mechanistic results are consistent with distinct functional roles for Kar3/Vik1 during mitosis.
Origin of Vik1
Paralogs of Vik1, Cik1, or both can be found in many of the hemiascomycete yeasts and most likely arose after the massive gene duplication that occurred early in the history of these organisms. The similarity in the structural organization of Vik1MHD to Kar3 supports the hypothesis that Vik1 and Cik1 share a common ancestor that was almost certainly a member of the Kinesin-14 family of molecular motors. The existence of both Vik1 and Cik1 in fungi like S. cerevisiae and Candida glabrata suggests that a second gene duplication event subsequently occurred that allowed the evolution of two related proteins with distinct functions. It would appear that Vik1 and Cik1 retained the motor-like fold, allowing them to bind microtubules and form dimeric motor complexes; but in the process, they lost their nucleotide binding requirement. However, it is The schematic drawings show two possible models for the interaction of the Kar3/Vik1 heterodimer with a/b-tubulin protofilaments during the motility cycle. The microtubule is oriented so that the minus-end is on the left. In Model A, the coiled-coil (yellow) formed between the necks of Kar3 and Vik1 unwinds to allow both Kar3 and Vik1 to bind the same microtubule protofilament in a similar orientation, analogous to processive kinesins. In Model B, the coiled-coil between Kar3 and Vik1 does not unwind, keeping the globular domains of Kar3 and Vik1 close to each other. This imposes restraints on their interaction with the microtubule, such that the Kar3MD and Vik1MHD would have to interact with adjacent protofilaments and Vik1 must bind a/b-tubulin in a different orientation from the motor domain of kinesins. In both models, the binding of the Kar3MD to the microtubule stimulates a conformational change in the motor that generates strain in the coiled-coil between Kar3 and Vik1. This strain produces a conformational change in the Vik1MHD that weakens Vik1's interaction with the microtubule, which allows the large rotation of Kar3's neck toward the minus-end upon entry of ATP into the active site of Kar3 and complete disengagement of Vik1 from the microtubule. The direction of rotation of the coiled-coil and the timing of this event during the motile cycle is based upon cryo-electron microscopy studies of Ncddecorated microtubules (Wendt et al., 2002; Endres et al., 2006). likely that this could only have occurred if communication between the two motor domains was already an inherent property of the original Kinesin-14.
EXPERIMENTAL PROCEDURES
Constructs
The Kar3/Cik1, Kar3/Vik1, Kar3MD, and Vik1MHD motor constructs used in this study ( Figure S1 ) were amplified from the full-length genes (a gift from Dr. Michael Snyder, Yale University) by PCR (see supplementary material online for primer sequences was cloned as previously described (Gulick et al., 1998) . Its predicted M r = 38,888.
Protein Expression and Purification
The Kar3 and Vik1 or Cik1 plasmids were coexpressed in an E. coli BL21-CodonPlus (DE3)-RIL cell line (Stratagene). The Kar3/Vik1 and Kar3/Cik1 heterodimers were purified as described previously (Sproul et al., 2005) , followed by gel filtration (Superose 6 10/300 GL, Amersham Biosciences). Native and selenomethionine-labeled Vik1MHD (SeMetVik1MHD) were also expressed in the E. coli BL21-CodonPlus (DE3)-RIL cell line in LB and M-9 minimal media for the cell culture, respectively. Selenomethionine incorporation was performed by growing the cells at 37 C to an A 600 of $0.9 and then cooling them on ice for 10 min, followed by incubation at 20 C for 10 min. At this time, each flask was supplemented with 50 mg each of L-Lysine, L-threonine, and L-Phenylalanine, and 25 mg each of L-leucine, L-isoleucine, Lvaline, and L-selenomethionine. After an additional 30 min, the cells were induced with 0.5 mM IPTG and then grown for 16 hr at 20 C with shaking prior to harvesting by centrifugation. Native and selenomethionine-labeled Vik1MHD were both purified as described in the supplemental online material.
Crystallization of Native and Selenomethionine-Labeled Vik1MHD Crystals of both native and SeMetVik1MHD were grown by hanging drop vapor diffusion at 4 C by mixing the protein 1:1 with 100 mM Na/MES/Acetate (pH 5.5), 24% pentaerythritol ethoxylate (M r 797), 300 mM NaCl, and 5% ethylene glycol. Single crystals grew to maximum dimensions of $0.6 3 0.2 3 0.2 mm in 2 weeks. Prior to data collection the crystals were transferred directly into 100% of the precipitant solution for $2 min and then frozen in a stream of nitrogen gas. Microtubule binding studies were performed with SeMetVik1MHD in direct comparison to native Vik1MHD. The results in Figure 3 , which determined microtubule affinity, show that the functional behavior of SeMetVik1MHD was very similar to that of native Vik1MHD.
X-Ray Data Collection and Structure Refinement X-ray diffraction data for the native and SeMetVik1MHD crystals were collected at the SBC 19-BM beam line (Advanced Photon Source, Argonne, IL). The data sets were integrated and scaled with the program HKL2000 (Otwinowski and Minor, 1997) . X-ray data collection statistics are given in Table S1 . The structure of the Vik1MHD was solved by multiwavelength anomalous dispersion. The positions of the five selenium atoms in the asymmetric unit were determined and refined with the program SOLVE (Terwilliger and Berendzen, 1999) . Solvent flattening with the program RESOLVE (Terwilliger, 2000) yielded a readily interpretable electron density map at 2.0 Å resolution. A model was built with ARP/wARP (Perrakis et al., 2001 ) and subjected to manual and automated refinement using TURBO (Roussel and Cambillau, 1991) and Refmac5 (Murshudov et al., 1997) , respectively. This model was further refined against the native Vik1MHD crystal diffraction data to a resolution of 1.6 Å . Water molecules were added with ARP/wARP and manually verified. Refinement statistics are given in Table S1 . The PDB ID code is 2O0A. 
where Rate denotes the amount of product formed per s per active site; k cat is the maximum rate constant of product formed at saturating substrate; E 0 is the motor concentration; and MT 0 is the tubulin polymer concentration. The quadratic equation is required because the enzyme concentration is not 10-fold less than the K 1/2,MT . These conditions represent stoichiometric binding of the motor and microtubules. The steady-state kinetics as a function of MgATP concentration was fit to the Michaelis-Menton equation. Taxol was maintained at 40 mM to stabilize the MTs.
Fluorescence Microscopy Assays
The methods used for the microscopy experiments presented in Figure 4 and Figure 5 are described in more detail in Sproul et al. (2005) . The Taxol concentration required for each experimental design was determined experimentally.
Kar3/Vik1 and Kar3/Cik1 Time Lapse Microtubule Shortening Motor at 25, 50, or 100 nM was incubated with 500 nM rhodamine microtubules stabilized at 5 mM Taxol in the presence of MgAMPPNP in PME (10 mM PIPES [pH 6.9] 5 mM MgCl 2 , 1 mM EGTA). An 8 ml aliquot of the complex was flowed into an observation chamber. The complex was incubated for 3 min at room temperature to allow the N termini of the motors containing poly-His-tags to interact with the glass. Unattached microtubulemotor complexes were removed by perfusion of two 8 ml washes of an oxygen scavenging mix (OSM) + MgAMPPNP (Sproul et al., 2005) . Microtubule shortening was initiated by MgATP and imaged over 20 min with frames captured every 20 s. Taxol was maintained at 5 mM. At this concentration, microtubules were stable and not observed to shorten in the absence of MgATP and Kar3/Cik1 or Kar3/Vik1. However, in the presence of MgATP plus motor, microtubule shortening was observed.
MicrotubuleMotor Immunolocalization
Reactions at 10 ml were formed containing the microtubulemotor complex (25-400 nM motor, 500 nM tubulin polymer, and 40 mM Taxol) in the presence of 1 mM MgAMPPNP. The reactions were fixed in 10 volumes of 1% glutaraldehyde in PME (10 mM PIPES [pH 6.9],Vik1 antibodies, generated to the native Kar3MD (Sproul et al., 2005) or Vik1MHD (see Figure S1 ), were used to localize Kar3MD and Kar3Cik1, or Kar3Vik1 and Vik1MHD, respectively.
MicrotubuleMotor Equilibrium Binding Assays
Soluble tubulin was adjusted to 1 mM MgGTP, cold depolymerized, clarified, and cycled each morning of the experiment. All concentrations reported are final after mixing. Reactions of 150 ml microtubules (0-3 mM tubulin) were incubated with 50 nM motor for 10 min at room temperature in PME Buffer. MgAMPPNP or MgADP (2 mM final) or 0.1 U/ml apyrase was then added, and the reactions were incubated for 30-60 min to reach equilibrium. The microtubules and associated proteins were sedimented at 100,000 3 g for 30 min at 34 C (Beckman Coulter TLX Ultracentrifuge). Supernatant fractions were analyzed by SDS-PAGE, followed by staining with Sypro Ruby (Invitrogen). To quantify the motor or Vik1MHD that cosedimented with microtubules, a standard curve was used with the corresponding protein within a range of concentrations where Sypro Ruby staining was linear. The protein was quantified using Image J. The data were plotted as the fraction of motor/protein in the pellet as a function of MT concentration and fit to quadratic Equation 2:
ðMT EÞ=ðEÞ = 0:
where MTE is the fraction of motor or protein sedimenting with the microtubule pellet; E 0 is the total motor or Vik1MHD; and K d is the dissociation constant. Although the data in Figure 5 indicate cooperative binding of Kar3/Vik1 to microtubules, the equilibrium binding studies were not sensitive enough to detect sigmoidal binding behavior. Therefore, the equilibrium binding data were fit to Equation 2.
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